Psychiatric disorders as a whole represents a major public health burden yet their etiologies remain poorly understood, and treatment advances have been limited. In addition, there are no reliable biomarkers for diagnosis or progress monitoring of psychiatric disorders.
Introduction
Psychiatric disorders as a whole represent a major public health burden and are leading causes of disability worldwide 1 . Nevertheless, there remain significant challenges in the diagnosis and treatment of psychiatric disorders. The etiologies of most psychiatric disorders are not fully understood yet, and we still have limited knowledge about the factors leading to disease progression or recovery. There have been limited advances on the treatment of psychiatric disorders, especially on the discovery of drugs with novel mechanisms of actions.
Another longstanding challenge is that unlike many other medical diseases, there are yet no reliable biomarkers for diagnosis, prognosis or monitoring progress of psychiatric disorders 2 . The biomarker should preferably easily accessible and measured, and blood/plasma proteins represent one type of biomarkers fulfilling such requirement. A number of studies have investigated into differences in protein levels in various psychiatric disorders, many of which are hypothesis-driven 2, 3 .
The rise of high-throughput proteomic platforms now enables interrogation of a large panel of proteins at the same time. However, as pointed out by a recent review, there were several important limitations in these studies, for example inadequate sample sizes, methodological heterogeneity, and risk of confounding 4 .
An important question underlying many protein marker (or proteomics) study in observational samples is that it is often difficult to assess causality and the direction of effect. Is the change in the level of a protein the cause or consequence of the disorder? Ideally one may follow-up a group of subjects at risk for the disorder and regularly monitor the protein level to ascertain the temporal relationship between disease onset and rise or fall in protein levels. However, this is often impractical due to low incidence of some disorders, the cost and difficulty in identifying at-risk subjects, and loss to follow-up. Another important concern is confounding bias. For example, patients are often medicated at the time of recruitment, and numerous other known or unknown confounders (e.g. age, gender, stressors, comorbid medical conditions) can result in spurious associations between a protein and the psychiatric disorder.
The recent decade has witnessed a rapid growth in genomic research in psychiatric disorders; in particular, high-throughput technologies such as genome-wide association studies (GWAS) have been highly successful in unraveling genetic variants associated with many neuropsychiatric traits. With the advent of GWAS, a new approach to causal inference, known as Mendelian randomization (MR), is gaining increased attention. An MR study can be considered a "naturalistic" randomized controlled trial (RCT) 5, 6 . The basic principle is to use genetic variants as "instruments" to represent the actual risk factor, and analyze its relationship with the outcome. For example, a person who has inherited a low-density lipoprotein (LDL) lowering allele (or allelic score) at a relevant genetic locus is analogous to receiving a LDL-lowering drug, and vice versa. To estimate the causal effects of reduced LDL, we can then test whether people who have inherited the lipid-lowering genetic variants are less likely to develop cardiovascular diseases. The random allocation of alleles at conception is analogous to randomization in clinical trials; as such, MR studies are less vulnerable to confounding bias than observational studies 5 . And since a person's genetic profile is fixed at birth, this approach also avoids problems of reversed causality.
In this work we aim to investigate potential casual relationships between plasma protein levels and a range of psychiatric disorders/traits, based on the Mendelian randomization approach. As discussed above, a major advantage is that MR is less susceptible to confounder bias and reversed causality. MR also enables us to test direction of causal effects in both directions (protein-to-disease as well as disease-to-protein). In addition, MR can be performed using GWAS summary statistics, which are usually based on very large samples (usually >10000). On the contrary, the sample sizes of previous proteomics studies are typically small (N mostly <100; see ref 4 ). The MR approach also provides a cost-effective way to explore a wide panel of proteins against a variety of psychiatric traits, which will be prohibitively costly to carry out in a conventional longitudinal or observational study. Here we made use of recently published results of proteomic quantitative trait loci (pQTLs) and the latest large-scale GWAS data from the Psychiatric Genomics Consortium (PGC), UK Biobank and other sources to perform MR analysis.
While many of the MR studies were hypothesis-driven and focused on testing causal associations of known risk factors, MR can also be extended to screen for a larger number of risk factors to uncover novel causal associations. In the field of psychiatric genetics, hypothesis-driven candidate gene studies have now turned out to be largely irreproducible 7, 8 , suggesting that candidate-based approaches to 'omics' studies have important limitations. Here we adopted a systematic and unbiased 'hypothesis-generating' or 'hypothesis-free' approach and scans all available proteomic markers for casual relationships with psychiatric disorders in both directions.
By exploring proteins causal to the development of psychiatric disorders, we may have a better understanding into the pathogenesis of psychiatric disorders, gaining important mechanistic insight. Of note, many susceptibility SNPs found in GWAS reside in non-coding or inter-genic regions, and their functional impact remains to be elucidated 9 . Linking SNPs to protein QTLs will help to reveal the functional and biological impact of susceptibility variants. From a clinical point of view, drugs that target the causal proteins may be effective for disease prevention and treatment. If such drugs are already in use, they can be repositioned for the disorders, saving the high cost and time for new drug development. In addition, proteins with causal relationship with the disease may also serve as predictive biomarkers for at-risk patients before full development of the disorder.
On the other hand, the study of proteins whose levels are affected as a consequence of disease liability also has important implications. The discovery of such proteins may enhance our understanding of the molecular mechanisms underlying disease progression and complications. From a clinical perspective, such proteins may be candidate biomarkers for monitoring and assessing disease progress or recovery. An important definition of causality is that intervention on the cause will lead to changes in the outcome. If a disease is a causal risk factor for protein level change (let's say increase), then when the disease is cured, the protein level will change (decrease) accordingly. The reverse (i.e. rise in protein level) may be observed when the disease becomes more severe or during relapses. This may be particularly relevant in psychiatry, as patient progress is usually monitored by clinical observations and self-reported symptoms, with no objective biomarkers available. In addition to the above, sometimes a protein whose level changes as a result of a disease may yet be a risk factor for another condition. For example, depression is associated with increased risk of cardiometabolic disorders 10 , and some have postulated inflammatory pathways and proteins as mediating factors 11, 12 . Similarly, we may decipher mediating proteins between different psychiatric disorders/traits by studying bi-directional causal links between proteins and diseases. In , schizophrenia (SCZ) 27 and history of deliberate self-harm (DSH) or suicide 23 . We also include GWAS on antidepressant response (as both binary and quantitative outcome) 28 , and a GWAS on SCZ versus bipolar disorder patients 29 .
For ADHD and PTSD, we also performed separate analysis on male-only, female-only and combined samples, as the corresponding summary statistics has been made available and there is good evidence for gender differences in these disorders 30, 31 .
For some of the psychiatric disorders/traits, a large-scale ('primary') study is available from PGC or a related source, while a corresponding trait is also recorded in UKBB. These psychiatric disorders/traits include anxiety disorders, ASD, BIP, OCD, PTSD, AN, SCZ and ALZ (parent's ALZ disease status was used as a proxy for analysis). The details are given in Table S3 . For these disorders/traits, we also included the UKBB association dataset as a replication set when we studied the causal effects of proteins on diseases.
MR analysis: protein as exposure and psychiatric disorder/trait as outcome We first treated plasma protein levels as exposure and psychiatric disorders/traits as outcome. As discussed above, for some of the disorders/traits, a large-scale study dedicated to the study of the specific disorder is available in PGC (or a similar source such as IGAP 17 ), while a similar corresponding trait was also recorded in the UKBB sample. In such cases, we would conduct a 'primary' analysis based on the PGC data, then extract the top results (FDR<0.1, based on combined cis & trans pQTLs) for replication analyses using the UKBB data.
We extracted pQTL according to those provided in the original papers (Supplementary data 1 in Suhre et al. 13 and Supplementary Table 4 in Sun et al.   14   ) . Exposure instrument SNPs were harmonized with psychiatric GWAS summary data with the harmonise_data function in the R package "TwoSampleMR". LD-clumping was performed with the clump_data function in "TwoSampleMR" at an r-squared threshold of 0.1 (within 10000 kb). We set a more liberal r-squared threshold than the default (0.001) to allow possibly more instruments to be included. The threshold was set to a relatively low level such that only weak LD is allowed, in order to prevent instability in MR estimates. Residual SNP correlations were properly taken into account of in our inverse-variance weighted (IVW) and MR-Egger analyses (see Supp. Text) 32, 33 .
Statistical analysis methodology
The primary method of MR analysis is based on the number of SNPs (Table 1) . If there is evidence of significant pleiotropy as revealed by a significant intercept term in Egger regression, we would employ the MR-Egger approach, which enables valid causal estimates to be given in the presence of imbalanced horizontal pleiotropy. Otherwise, the standard Wald ratio or IVW approach was used. The R package "MendelianRandomization" was used, which allowed correlations between instrument SNPs to be accounted for.
To control for multiple testing, we employed the false discovery rate (FDR) approach, which controls the expected proportion of false positives within the rejected hypotheses. FDR was computed by the Benjamini-Hochberg method 34 and a modified approach by Storey 35 . The latter approach (implemented in the R package "qvalue") also estimates the proportion of null which could lead to improvement in power (this is the default method used in this study). Note that the FDR approach is also valid under positive (regression) dependency of hypothesis tests 36 . The FDR-adjusted p-value, or q-value, refers to the lowest FDR incurred when calling a feature significant 35 .
Other sensitivity tests

Analysis restricted to cis-acting pQTLs
We primarily present results from analysis of combined cis-and trans-pQTLs, as this would allow more instruments to be included, improving the power and reliability of results, and would enable methods such as MR-Egger to be performed to correct for imbalanced pleiotropy. We noted that a substantial proportion of pQTLs identified by Suhre and Sun et al. and were in fact trans-pQTLs (~27% and 70% respectively), hence discarding trans-acting variants will result in substantial waste of available data and loss of statistical power.
Nevertheless, cis-acting pQTL have strong prior probability of association and are less susceptible to horizontal pleiotropy, although they can also affect the outcome via other pathways. Here we also performed additional analysis by sub-setting the original data to produce 2 extra exposure datasets (named cis-KORA, cis-INTERVAL), and MR was repeated with cis-pQTLs only.
HEIDI test
Sometimes the instrument SNP can be in LD with another SNP, which is causally associated with the outcome. This scenario is known as 'linkage' by Zhu et al.
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, which may be distinguished with functional associations (same SNP affecting both protein level and outcome) by the SMR-HEIDI test 37 . The test was designed especially for single-SNP MR analysis with the assumption of a single causal variant in the region. We employed the SMR program (https://cnsgenomics.com/software/smr/#SMR) written by the authors. Default settings were used, in which up to the top 20 pQTLs in the cis region were extracted for the HEIDI test. The test requires summary statistics of the proteomics GWAS, and is relatively computationally time-consuming to perform. We conducted HEIDI for single-SNP MR results with FDR<0.2 to limit the total number of tests to several hundreds. An HEIDI p-value >0.05 is marked as 'passing' the test as per the original authors, but due to multiple testing of a large number of hypotheses, we also presented FDR-adjusted p-values.
In practice, we note that occasionally HEIDI would fail to produce results due to presumably insufficient number of SNPs in the cis region of the target pQTL. Another important limitation is that currently HEIDI or other co-localization methods cannot produce reliable results with the number of causal variants >=2. For these reasons we included HEIDI as a sensitivity test, but we do not exclude associations failing this test from subsequent analyses. If multiple testing is accounted for by the FDR approach, a relatively small proportion of HEIDI results remained significant after FDR correction (see Results).
Replication Analysis
We sought replication for the results from our primary analysis (mainly PGC studies) in an independent sample from the UK Biobank. Replication was performed for three sets of MR results (each result represents a protein-disorder pair): (1) MR results based on KORA sample with FDR<0.1; (2) Results based on INTERVAL sample with FDR<0.1; (3) Results from joint KORA + INTERVAL meta-analysis with estimated FDR<0.1 (based on Simes p-value). In (3) only overlapping proteins in the two samples were included.
As for the methodology of joint analysis, we computed the maximum p-value (max_p) as a test of the hypothesis of non-null associations in both samples, as described by Nichols et al 38 . On the other hand, the Simes test 39 was conducted to combine the p-values to test the global null hypothesis (i.e. association in any sample). The max_p and Simes test procedures are both robust to (positive) dependencies of hypothesis tests 38, 39 . We also computed a standard IVW meta-analysis with "metagen" in R to obtain an aggregate estimate of causal effects from both PGC studies and UKBB.
(Strictly speaking the statistical significance from a standard IVW meta-analysis may be inflated due to dependency of effect estimates, but this was included as an extra approach to prioritizing associations and for computing the overall effect sizes). We adopted a one-sided test for computing p-value in the replication sample.
We also attempted a more novel analysis known as replicability FDR (repFDR), which assesses the expected proportion of false replications 40 . This is a far more stringent test which tests the "union null hypothesis", i.e. H 0 is that the result is null in any one sample. H 1 (alternative hypothesis) represents non-null results or true associations in every testing sample, taking into account the number of hypothesis tested. Intuitively, when a large number of hypothesis is tested, to achieve low repFDR the hypothesis needs to be highly significant (having low FDR) in every sample. The authors proposed the "r value", which is defined as "the lowest FDR level at which we can say that the finding is among the replicated ones"
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. The analysis was carried out with default settings using an online program provided by the authors (http://www.math.tau.ac.il/~ruheller/App.html).
MR in the other direction: Psychiatric disorders/traits as exposure and proteins as outcome
We then performed MR analysis in the other direction in which the 24 psychiatric disorders/traits were treated as exposure, while plasma protein levels were considered as outcome.
SNPs in psychiatric GWAS datasets were first selected based on the genome-wide significance threshold (p < 5E-08), then clumped at r 2 =0.1 (within 10000 kb). The rest of the analysis follows what was described in the previous sections. The HEIDI test was performed for single-SNP analyses. In this case we have two independent outcome datasets (KORA and INTERVAL), so we also performed replication of the results from the first dataset on the second one. We conducted meta-analysis on the intersecting proteins and repFDR was computed as described above.
Conversion of coefficients from UKBB summary data
The UKBB GWAS results are based on linear regression of the outcome, regardless of whether it is binary or quantitative (details available at https://github.com/Nealelab/UK_Biobank_GWAS). For consistency and ease of meta-analysis with other GWAS data based on logistic regression, we converted the linear regression coefficients to those under a logistic regression model, based on the methodology by Lloyd-Jones et al.
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. Standard error of the converted coefficients was derived by the delta method.
Directed network analysis of proteins and psychiatric traits/disorders
In ordinary MR analysis, we can just conclude whether one exposure is causally associated with one outcome. However, it is often of interest to investigate more complex relationships between the variables, in this cases proteins and diseases. For example, SCZ is highly comorbid with MDD and is likely a causal risk factor for MDD, but what is the biological mechanism behind this association? For example, it will be useful to find protein(s) which mediate the effect of SCZ on MDD. Previously a "two-step MR" procedure has been proposed to investigate a chain of causal relationships between three variables (e.g. the effect of an exposure on outcome via DNA methylation changes) 42 . The principle is to perform two MR analyses, the first from the exposure risk factor to methylation and the second from methylation to outcome. The same can be applied to model disease-protein relationships. Here we extended this analysis to an "N-step" MR, which allows longer pathways of causal relationships to be modeled. We also constructed directed protein-disease networks in which the nodes are either a protein or psychiatric disorder/trait.
We restricted our attention to intersecting proteins in the KORA and INTERVAL datasets. To be included in the network, the exposure-outcome pair should have a joint analysis p-value (from Simes test or maximum p) of less than 0.05 and the direction of effects should agree in both samples. To avoid too many isolated edges, proteins are included in the network only if they have (at least) one incoming and one outgoing edge. The edge weights reflect the strength of association between the disease and protein, derived from the regression coefficients from MR. The above criteria were chosen to balance interpretability and comprehensiveness of the network. The p-value threshold was set at a relatively liberal level to allow more proteins and traits to be modeled. However, the analytic framework presented here can also be applied with more stringent or liberal inclusion criteria.
1
We have conducted totally 6038 and 25034 MR tests based on the KORA and INTERVAL samples respectively. Each test examined the effect of a protein on the psychiatric disorder/trait under study. We also repeated the analysis restricted to cis variants only, with 4285 and 8201 MR tests performed on KORA and INTERVAL respectively.
The main MR analysis results are presented in Table 2 and Supplementary Tables S1c to S1d. For the analysis based on KORA pQTLs, 13 protein-disease pairs were significant at an FDR level of 0.1 and 20 at FDR<0.2. For the analysis using pQTLs from INTERVAL sample, we found 391 associations at FDR<0.1 and 456 at FDR<0.2.
HEIDI test
We also performed HEIDI test as a sensitivity test to detect associations that may be due to linkage (Table S1c, S1d). We note that occasionally the program may fail to produce an output, presumably due to inadequate number of SNPs in the cis region that pass the preset p-value threshold (1.57E-3, equivalent to chi-square statistic of 10), or some variants may be filtered away due to too low or too high LD. The original authors used the conventional threshold p<0.05 as the threshold for passing or failing the test; however, we also note there is a high chance of false positives in view of the large number of tests performed. We computed FDR with the Benjamini-Hochberg method; among the protein-disease associations tested by HEIDI, a relatively modest proportion have low FDR-adjusted p-values <0.05 (overall 4.1 %), <0.1 (5.2%) or <0.2 (6.2%). It should be noted that failing the HEIDI does not always mean the result is invalid. For example, there can be other true causal variant(s) affecting the protein and outcome at the same time, which is/are also in LD with the target pQTL. However, the test is still useful in prioritizing proteins for further studies.
Joint analysis
We also performed a joint analysis on the intersecting proteins between the two pQTL datasets (Table  2 and Table S1e ) to estimate of the aggregate causal effects. The results of IVW meta-analysis, maximum p (a test for non-null association in every sample) and Simes test (a test for non-null association in at least one sample) are given in Table S1e . Top 30 results sorted by Simes p-value are presented in Table 2 .
We also performed cis-only analysis and the results are summarized in Table S2 . The cis-pQTLs are summarized in Table S2a and S2b for reference. Results of KORA-or INTERVAL-only analysis are given in Table S2c and S2d, while joint analysis is presented in Table S2e . In total 12 and 15 associations achieved FDR<0.1 and <0.2 in the KORA sample respectively; 21 and 32 associations achieved FDR<0.1 and <0.2 in the INTERVAL sample respectively.
Cis-only analysis
There is significant overlap in the results between the cis-only and combined cis & trans pQTL analyses. For example, 68 and 45 protein-disease associations showed Simes p < 0.01 in the cis & trans and cis-only analysis respectively, among which 44 of them overlapped ( Table S1e ). Note that we also provide a summary of the cis-only analysis results side-by-side with the main results (cis + trans) for easy reference.
Highlights of top protein-to-disease associations
We found a number of interesting protein-disease associations among the top results, and we shall highlight a few here. Here our discussion is restricted to the top ~50 results in the joint analysis, as listed in Table S1e . For instance, cathepsin B is found to be associated with increased ASD risk. Interestingly, a recent study reported that inhibition of cathespin B led to a reverse of increased leukocyte-endothelial adhesion (which is implicated in neuro-inflammation) in the cerebral vessels in an autistic mouse model 44 . We also found that interleulin-6 receptor subunit alpha is positively associated with SCZ. Inflammation is believed to play an important role in the pathogenesis of SCZ 45 , and clinical studies have also found rise in inflammatory markers in SCZ
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. Soluble IL-6 receptor (sIL-6R) may be involved in 'trans-signaling', in which the complex of IL-6 and sIL-6R may bind to gp130 and exert pro-inflammatory effects 46 . Another recent MR study also reported increased sIL-6R
being associated with SCZ 47 , but here the proteomics dataset used is different and the association is more specific (for the alpha subunit). The exact role of IL-6 pathways in SCZ remains to be elucidated in future studies. Also in line with the inflammation hypothesis in SCZ and other psychiatric disorders (e.g. ASD 48 ), we observed that the protein endothelial cell-selective adhesion molecule (ESAM) was positively associated with SCZ and ASD risks. Neurovascular endothelial dysfunction as well as hyper-permeability of the blood brain barrier (BBB) may be linked to neuroinflammation, which has been implicated in a number of neuropsychiatric disorders 49, 50 .
Another interesting finding is that increased beta-endorphin levels was found to be causally associated with elevated risk of melancholic depression (the MDD-converge sample mainly recruited subjects with melancholic depression). Melancholic depression has been reported to be associated with hypothalamic-adrenal (HPA) axis hyper-activation, while beta-endorphin may be involved in the stimulation of HPA axis 51, 52 . In clinical studies, both increase and decrease in beta-endorphin levels have been reported; yet some studies specifically focused on melancholic patients indeed reported elevation of beta-endorphin levels (please refer to Table 1 of Hegadoren et al. 53 ). These findings call for the need of more homogeneous subgrouping of MDD patients in biomarker studies. Yet another finding that may be of clinical relevance was that lower ferritin was found to be casually linked to increased ASD risks. Reduced ferritin and iron deficiency were reported to be common among children with ASD 54, 55 . Interestingly, a clinical study reported that iron supplementation improves sleep disturbance in ASD patients 56 , although this is a case-only study without a placebo control arm.
Taken together, our findings may help shed light on the pathogenesis of psychiatric disorders, and in some occasions if drugs are available to target the tentative causal proteins, such drugs may be repurposed to treat the corresponding disorders.
Replication analysis
Replication analysis was performed for MR results having FDR<0.1 in the KORA sample, INTERVAL sample or in joint analysis (Table S3 ). For the KORA dataset, altogether 6 associations were replicated with one-sided p-value <0.05 in the UKBB dataset (spanning three unique protein-disease pairs) ( Table S3b ). Three had replication FDR<0.05. Note that sometimes more than one UKBB dataset may correspond to the original phenotype and we included all of them in the replication set. The use of parental history of Alzheimer disease as a proxy of the disease phenotype has been successfully adopted in previous works 57 and this strategy was also employed in our replication analysis. In the INTERVAL sample, 97 associations achieved replication p (one-sided test) <0.05 in UKBB, and totally 77 had replication FDR<0.05 (Table S3c ). We observed that many of the top results were from Alz-IGAP or SCZ; this is likely due to relatively large sample size and power of these two datasets. However, some of the top results for Alzheimer disease showed heterogeneity of instrument effects. This can be due to various reasons 58 , but horizontal pleiotropy could be one, therefore such results might be viewed with caution. For comprehensiveness, we also extracted a set of intersecting proteins between the two pQTL datasets with FDR<0.1 in joint analysis (by Simes test), and carried out meta-analysis combining PGC results with UKBB, using either KORA (Table  S3d) or INTERVAL (Table S3e ) pQTL data.
We briefly highlight a few replicated protein-to-disease associations (we only focus on those listed in Table S3d /e due to the large number of associations). For example, protease C1 inhibitor, a protein involved in immune functioning, was among the top replicated associations for SCZ. Inflammation and immune pathways have been strongly implicated in the etiology of SCZ 45 . Protease C1 inhibitor an inhibitor of the classical pathway of complement and the contact system 59 , which was reported to reduce the release of various cytokines in a sepsis model of primates. We observed that reduced levels of C1 inhibitor was causally linked to SCZ. This suggests that increased inflammatory responses, at least partially mediated by the complement system, may be a causal risk factor in the pathogenesis of SCZ. Further experimental work are required to reveal the mechanisms involved. Myeloid cell surface antigen (CD33) is another replicated causal association with Alzheimer disease (Table S3d /e), which has been reported to be associated with increased neuritic amyloid pathology and microglial activation 60 , and has been suggested as a promising therapeutic target 61 .
Relationship to drug repositioning or discovery
If a protein is causal to a psychiatric disorder, then a drug which targets the protein as an antagonist or inhibitor may be able to treat the disease if increased protein levels are casually associated with the disease. On the contrary, the psychiatric disorder may be a side-effect of that drug if reduced protein levels are associated with disease. The reverse is true for the drugs acting as agonists. To facilitate the discovery of candidates for drug repositioning and the exploration of medication side-effects, we also searched ChEMBL database for existing drugs for top proteins in joint analysis (Tables S1i).
MR analysis: Psychiatric disorders/traits as exposure and proteins as outcome
MR analysis results
We also performed MR in the other direction, with psychiatric disorders/traits as exposure and proteins as outcome. The results are presented in Table S4 . In total 16 psychiatric disorders have at least one genetic variant having p<5e-8 (Table S4a ). However, some of these genome-wide significant SNPs cannot map to the SNP panels of KORA and INTERVAL. Finally, 11 and 15 psychiatric traits remained to be analyzed with KORA and INTERVAL, considering plasma protein levels as outcome.
Totally 12142 and 39009 MR tests were performed based on the KORA and INTERVAL datasets respectively. Note that since KORA and INTERVAL are independent outcome samples, we may consider the analyses as 'replications' of one another. Based on the KORA sample alone, 15 disease-protein associations achieved FDR<0.2 (Table S4b) . Based on the INTERVAL sample, 495 FDR<0.1 and 1005 had FDR<0.2 (Table S4c) . Finally we conducted meta-analysis on the pairs of associations analyzed in both pQTL samples (Table S4d ). In total 111 and 236 meta-analysis results achieved FDR <0.1 and <0.2 respectively. In occasional cases single-SNP MR has to be performed; HEIDI results are presented alongside the main analysis in Table S4b and S4c.
Highlights of top disease-to-protein associations
We observed a number of interesting disease-to-protein associations supported by literature. For example, we found SCZ is causally linked to increase in complement C4 levels (Table 3 and S4d) . The complement system, especially C4, has been shown to be implicated in SCZ 62, 63 . Interestingly, a recent clinical study reported that C4 was significantly increased in chronic SCZ patient and was associated with positive and negative symptom severity
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, highlighting the potential of C4 as a disease activity biomarker. Another interesting finding was that SCZ was found to be a causal factor for rise in thyroid-stimulating hormone (TSH) ( Table S4d ). In a clinical study involving 40,483 patients with hypothyroidism and similar number of controls, Sharif et al. observed a higher prevalence of schizophrenia (2.01% vs. 1.25%, respectively, p < 0.0001) 65 . There is likely a complex link between neurotransmission and thyroid dysregulation 66 which may explain the association. Our findings suggest that the disease of SCZ itself may contribute to increased TSH (and hypothyroidism), amongst other possible risk factors such as medications. Moreover, we observed SCZ is a causal risk factor for decreased Interleukin (IL)-17 receptor C levels. The soluble secreted IL-17 receptors present in the blood may serve as extracellular antagonists to cytokine signaling 67 (i.e. reduced soluble receptors lead to rise in cytokine levels). Interestingly, IL-17 was observed to be positively correlated with total PANSS scores in schizophrenia. After risperidone treatment, the proportion of Th17 cells (these cells produce IL-17) decreased and the change in proportion was correlated with the rate of change of PANSS score 68 . This is consistent with our present finding, and suggests proteins in the IL-17 signaling pathway may be useful biomarkers to evaluate disease progress or treatment response.
Directed network analysis of protein-disease associations
We constructed directed networks based on our bi-directional MR results, and supplemented by external PPI databases. The resulting networks are presented in Figures 2 and 3. For easier visualization and interpretability, we present separate networks with positive or negative associations only (Figures 2 and 3 ) or both ( Figure S1 ). Networks with or without added edges from external PPI database are also presented separately. Network analyses based on significant edges from the Simes method are presented in Figures 2, 3 and S1 while those based on the max p procedure are presented in Figure S2 .
We highlight a few examples in which our network analysis helps to reveal potential mediating proteins between psychiatric disorder/traits, hence shedding light on the mechanism underlying disease comorbidities. For example, we observed that kyneuraniase (KYNU) may mediate the relationship between SCZ and MDD (i.e. SCZ -> KYNU -> MDD). KYNU is an enzyme that catalyzes the conversion of 3-hydroxykynurenine (OHK), a metabolite of kynurenine (KYN), to 3-hydroxyanthranilic acid (3-HAA). 3-HAA can be further degraded to quinolinic acid (QUIN) which is considered neurotoxic because of its agonistic action on the NMDA receptor. In an alternative pathway, KYN is converted to kynurenic acid (KYNA). Interestingly, in a recent study on patients with affective psychosis, the KYNA/QUIN ratio was found to be reduced 69 . In major depression, elevated QUIN and reduction of KYNA/QUIN ratio has been observed, 70 which was found to be reversed with electroconvulsive therapy 71 . Our findings, coupled with the previous literature, suggest that the kynurenine pathway may play a role in the pathogenesis of comorbid depression and psychosis. Another interesting finding is that SCZ may be causally associated with increased in levels of CCL23 which in turns increases the risk of deliberate self-harm/suicide (SCZ -> CCL23 -> self-harm/suicide). While CCL23 has not been specifically studied in psychiatric disorders, chemokines in general play an important role in immune functioning and inflammatory processes, and altered levels of certain chemokines have been previously reported for SCZ and other psychiatric disorders
72
. For instance, a recent study reported an increase in "chemokine index" (derived from two chemokines) with duration of schizophrenia and severity of negative symptoms 73 .
On the other hand, elevated cytokines have been observed to be associated with suicidality in a meta-analysis 74 . Along the line of inflammation in psychiatry disorders, we also observed IL-6 receptor subunit alpha as a potential mediating factor between SCZ and MDD as well as PTSD. As discussed above, soluble IL-6 receptor plays a part in 'trans-signaling' and can promote inflammation. The IL-6 signaling pathway is implicated in many psychiatric disorders, and raised sIL-6R levels have been observed in depression 75 and PTSD 76, 77 . Our present findings suggest that increased IL-6 signaling may represent one of the mechanisms underlying the heightened risks of MDD 78 and PTSD 79 within SCZ patients.
Discussion
Here we have conducted a causal proteome-wide association study of over 3000 plasma proteins with 24 GWAS datasets of psychiatric traits/disorders. We leveraged GWAS summary statistics of plasma protein measurements and psychiatric disorders, and perform bi-directional Mendelian randomization analysis to uncover casual relationships between the two entities. We have performed ~95,000 MR tests in total, and also performed several additional analyses such as HEIDI test, analysis in cis-variants only as well as replication in independent datasets (for both protein-to-disease and disease-to-proteins analyses). We believe this work will shed light on the pathophysiology underlying the development and progression of psychiatric disorders. It may also facilitate the development of novel biomarkers for prediction, diagnosis and monitoring of disease progression or recovery. By targeting proteins that may be causal to the disease, our findings may also help drug development or repurposing for psychiatric disorders. Importantly, all our analysis results are also made available online and are easily searchable, which we believe will represent a useful resource for basic and clinical researchers interested in further studies of plasma proteins in psychiatric disorders.
Here we conducted bi-directional analyses to investigate not only how proteins affect psychiatric disorder risks, but also how psychiatric traits/disorders may be causal risk factors for changes in protein levels. This is a unique feature of the current study, as previous works on 'omics'-based MR usually focused on, for example, how expression or methylation changes contribute to diseases 37 .
Causal relationships in the reverse direction are however far less explored. By the definition of causality, if an intervention is applied to the cause (disease), then the outcome (protein) should change. Therefore such biomarkers are theoretically justified to evaluate the disease progression, treatment response or resolution from disease symptoms. In this work, we have found a number of putative disease-to-protein associations worthy of further investigations, as already highlighted above.
As a technical note, when the MR exposure is a binary variable (disease or not), it is preferable to conceptualize it as a (possibly latent) continuous risk factor 80 . For example, if the studied exposure is hypertension, then blood pressure would be the underlying continuous risk factor or trait 80 . For most psychiatric disorders, we may also conceptualize a continuous factor underlying the disorder. For instance, depressive symptoms can be the latent factor underlying MDD. Similarly, one can conceptualize a continuous scale of (or tendency to) anxiety, psychosis, OCD etc. as the latent risk factor or trait. The principles of MR causal inference still apply.
In addition to the potential clinical applications described above, we also wish to highlight two other aspects of translational potential. Besides diagnosis-based phenotypes, we also included in our analysis a GWAS on antidepressant response (as both binary and continuous outcome), and a GWAS on SCZ versus bipolar disorder (BD) patients. The former analysis aims to reveal proteins causally associated with response to antidepressants, and may help discover candidate protein markers to predict treatment response. MR analysis of the latter dataset (SCZ vs BD) could help to explore differences in proteomic profiles between the two highly related disorders. The results may ultimately help to prioritize protein biomarkers that may contribute to differential diagnosis (DDx) between BD and SCZ, given that response to medications such as lithium and valproate can differ between the disorders. Obviously similar analysis may also be conducted for other kinds of psychiatric disorders, hence the presented analytic framework also points to a new direction for finding biomarkers in predicting drug response and DDx in general.
Another contribution of this study is a directed network analysis of disease protein associations of psychiatric traits/disorders. A network approach to analyzing genetic and protein associations enables us to gain more comprehensive insight into the pathways and complex pathophysiology underlying complex diseases. Several methods have been developed for network analysis of GWAS data 81, 82 .
However, previous analytic methods have mainly focused on undirected networks; to our knowledge, this is the first study to present a directed network analysis framework across multiple complex disease traits, based on GWAS data and the principle of MR. Such networks are useful in unraveling the mechanisms underlying disease comorbidities and complications.
There are several limitations that are worth noting. The MR approach is less vulnerable to reverse causality and confounding compared to observational studies, however in some scenarios it is still not easy to establish causality. In the study of causal effects of proteins to psychiatric disorders, the number of instrument SNPs is usually quite small, and it is quite common to rely on only one instrument (i.e. single-SNP MR). There are no methods to distinguish between causality and pleiotropy in single-SNP MR, although the HEIDI test can help to identify 'linkage' from the same SNP being associated with protein levels and disease at the same time 37 . When the number of instruments is larger, more tools are available to address the assumptions of MR, especially pleiotropy 58 . However, the number of instruments is still typically small when proteins are treated as exposure; the power of methods like Egger regression to detect pleiotropy is relatively weak under such scenarios 33 . Methods based on outlier removal (e.g. MR-PRESSO
81
) are also not applicable in the presence of few instruments. On the whole, we may still prioritize proteins that more likely causal to diseases, but fully establishing causality remains difficult. Nevertheless, at least the current study could show which proteins may be associated with various psychiatric disorders, which helps to limit the search space for suitable protein biomarkers or target proteins for drug development. For MR analysis with psychiatric disorders as exposure, the above problem of inadequate instruments is usually of a lesser concern, especially for disorders like schizophrenia and Alzheimer's disease with large GWAS sample sizes. Nevertheless, for some other disorders such as anorexia, the number of available instruments is small so the same problem can occur.
The MR approach itself also has limitations. As MR is based on genetic instruments to represent the exposure, the results reflect a chronic exposure of (genetically predicted) higher/lower protein levels to the psychiatric disorder. The effects of short-term exposure, such as taking an inhibitor targeting the protein, may not be the same as effects from long-term exposure as predicted by MR.
With regards to the study samples, many psychiatric disorders are highly heterogeneous with regards to their presentations, course of disease, prognosis etc 84 . A protein may be associated with a subgroup of patients with certain clinical characteristics only (e.g. female patients with early onset) but not with the other groups. A future direction is to conduct the analysis in stratified or more deeply-phenotyped samples (e.g. male or female-only; early or late-onset only; with a particular clinical presentation etc.). Also, for some of the samples (especially those from UKBB), the disease diagnosis or symptoms are self-reported instead of being assessed by a clinical professional. The latter is probably not practical in a biobank due to high cost of performing detailed assessments. Nevertheless, further replications in more carefully assessed and phenotyped samples are warranted.
Also related to sample characteristics, we have tried to employ the latest and largest GWAS samples. Nevertheless, for some of the psychiatric disorders (e.g. OCD or PTSD), the sample size may still be relatively small. Also we have performed replication analysis in the UKBB, however the UKBB in general does not contain a lot of patients with psychiatric disorders (except for depression and anxiety). As a result, the power of replication study is relatively limited and absence of significant replications does not exclude genuine associations.
One potential translational aspect is the development of blood-based biomarkers for psychiatric disorders. While this work we mainly study the protein candidates one by one, in practice and future studies, we may combine different biomarkers and even other modalities (e.g. neuroimaging) to improve the performance of the test. This will be left as a direction for future investigations.
In summary, we have conducted a proteome-wide association study to decipher the causal relationship between plasma proteins and psychiatric disorders. We believe this work sheds light on the pathophysiology of psychiatric disorders, and will help facilitate the development of protein biomarkers as well as new or repurposed drugs for the treatment of psychiatric disorders.
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Supplementary Text
MR analysis methods
The IVW framework is very widely used in MR studies. Here we used an IVW approach that is able to account for SNP correlations as described in Burgess et al.
32
. Briefly, assume ˆY G β to be the vector of estimated regression coefficients when the outcome is regressed on genetic instruments and YG σ to be the corresponding standard errors (SE), and ˆX G β to be the estimated coefficients when the risk factor is regressed on the genetic instruments with SE XG σ . We also assume the correlation between two genetic variants G 1 and G 2 to be 1 2 G G ρ , and
The estimate from a weighted generalized linear regression can be formulated by
A similar approach may be used for MR-Egger, which allows an intercept term in the weighted regression.
Please also refer to ref. 33, 83 for details. The presence of imbalanced horizontal pleiotropy could be assessed by the significance of the intercept term (testing whether intercept=0). We employed the R package "MendelianRandomization" for the above analyses.
As remarked by Burgess et al. 32 , inclusion of a larger number of variants in partial LD may improve the power of MR, as the variance explained by the instruments might go up. Including "redundant" SNPs in addition to the causal variant(s) will not improve power; on the other hand it will not invalidate the results.
However, including too many variants with high correlations may also result in instability of MR estimates 84 .
In this study, we performed LD-clumping of genetic instruments at an r 2 threshold of 0.1, balancing the benefits and risks of using a too high or too low threshold. ( 1 9 8 7 ) . Please also refer to legends of Table 2 . Please refer to Table S1j for abbreviations of each disorder. qval.Stroey: q-value based on the Storey method.
